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ELECTROWETTING DISPLAY ELEMENT 

Field of the Invention 

This invention relates to the field of display elements, in particular to the 
5 field of passive display elements. 



Background of the Invention 

Many companies are actively seeking to create a display element that is 
easily manufacturable using roll-to-roll coating techniques. These display 

10 elements can be either active, i.e. emit light such as LED, OLED, PLED, EL, or 
passive, i.e. affect the passage, reflection or refraction of light such as LCD, CLC, 
e-ink etc.. Some passive systems are bistable such they can be swtched and 
remain switched after the power has been removed. Most configurations 
previously disclosed can be readily adapted to colour functionality. 

15 Various electrowetting display elements are known in the prior art. 

US6473492 discloses a fluid element device that rearranges fluid within a 
capillary tube. A voltage is used to move the fluid within the capillary to a 
desired level. US2002/0080920 discloses a filter device using an array of 
elements based upon US6473492 for use with X-ray imaging equipment. 

2 0 US2003/0085850 discloses an electrostatic device that changes a meniscus shape 
such that the focal length of the device changes. 

US644908 1 describes a focussing element based on the electrowetting 
phenomenon. WO2/002099527 describes a display element with a defined 
prismatic structure that contains two immiscible fluids together with electrodes 

2 5 such that the fluid can be rearranged with the cell. 

Problem to be solved by the Invention 

In display elements based on the rearrangement of liquid it is of benefit to 
ensure the liquid is captured by capillary forces. This is achieved by making the 

3 0 elements small. Thus the existing art does not easily address the requirement for 

large pixel areas. Furthermore, the existing art describes structures that 
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necessarily require micro-fabrication and thus relatively complex construction 
methods not transferable to roll-to-roll manufacture. 

It is the purpose of the current invention to provide a new device based on 
a combination of mechanisms that has previously not been contemplated. This 
5 class of device will be adaptable to colour use though the description below is for 
a single colour element. The display element is capacitative in nature and thus lias 
low power consumption and is switched by low voltages. The element modifies 
the reflectivity of the surface thereof. 

10 Summary of the Invention 

According to the present invention there is provided a display element 
comprising at least two porous layers, a conductive liquid residing in the upper 
layer, the liquid having a contact angle with the material of the upper layer of less 
than about 60°, the material of the lower layer being conductive and insulated 
15 from the liquid with a dielectric covering, the liquid having a contact angle with 
the material of the lower layer of greater than about 90°, whereby on application 
of a voltage between the lower layer and the liquid the liquid moves out of the 
upper layer into the lower layer thereby effecting an optical change in the upper 
layer. 

2 0 The invention further provides a display device comprising at least one 

element as described above including means for connection of each element to a 
circuit to create a matrix display. 

Advantageous Effect of the Invention 

2 5 The present invention is simple to manufacture over large areas because of 

the stochastic structure of the elements and may be manufactured via roll-to-roll 
techniques. It fulfils the requirement of capturing small liquid elements by 
capillarity. However the switching time of the element is not limited by its area. 
It is also simple to address and drive, via suitably patterned passive or active 

3 0 matrix type backplanes. 

Brief Description of the Drawings 



WO 2005/096066 PCT/G B2005/00 1 063 

3 

The invention will now be described with reference to the accompanying 
drawings in which: 

Figure 1 is a schematic view^of an element according to the present 
invention; 

5 Figure 2 shows the element both in an "on" state and an "off' state; 

Figure 3 illustrates a core shell arrangement of particles within the 
element; 

Figure 4 illustrates a different core shell arrangement of particles within 
the element; 

1 0 Figure 5 is a schematic view of a second element in accordance with the 

present invention; and 

Figure 6 is a schematic view of the element including an intermediate 

layer. 

15 Detailed Description of the Invention 

Figure 1 is a schematic view of a display element according to the 
invention. The invention relates to a passive display element. 

Throughout the description and claims the term "upper" defines the side 
from which an element would be viewed. The term "lower" defines the side 
2 0 opposite the upper side. The terms upper and lower are not to be taken as limiting 
the orientation of the element according to the invention. 

The element is based upon a two layer porous system. In the embodiment 
shown in Figure 1 the upper layer 2 and lower layer 4 are sandwiched between an 
upper conductor 12 and a lower conductor 14. The upper conductor 12 should be 

2 5 transparent. The conductor may equally be formed of, for example, wire 

filaments in which case the material does mot have to be transparent. It will be 
understood by those skilled in the art that it is not necessary for the conductors to 
be at the top and bottom of the element What is required is that a voltage can be 
applied to a liquid 10. The conductors rna.y be at the side of the element or at any 

3 0 other suitable location. An insulating layer 16 is located between the lower layer 

4 and the lower conductor 14. The element is encapsulated by an upper substrate 
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26 and a lower substrate 28. The substrates should be insulating and impermeable 
to liquid. The upper substrate must be of a transparent material. 

The upper layer 2 comprises a plurality of particles 6, such as silica. It 
will be understood by those skilled in the art that silica is only an example of the 
5 material which can be used. Any other lyophilic material may be used that can be 
matched with the refractive index of the liquid used. The particle sizes would be 
in the order of 30nm to 2 microns. 

A liquid 10 resides in the pore space of the upper layer 2. The liquid may 
be water but it will be understood by those skilled in the art that it is not essential 
1 0 that the liquid is water. However the liquid must be conductive. The conductive 
liquid may be created by adding ions to a solvent. Alternatively the conductive 
liquid may be an ionic liquid. 

The refractive index of the particles 6 in the upper layer 2 should be 
substantially the same as the refractive index of the liquid 10. The size of the 
i 15 particles 6 should be a substantial fraction of the wavelength of light, e.g. 200nm. 
As the refractive index of the liquid is substantially similar to that of the particles 
the upper layer will effectively be invisible. What will be seen is the colour of the 
lower layer 4. 

The lower layer 4 comprises a plurality of particles 8. The particles 8 

2 0 should be of similar size or smaller than the particles 6 in the upper layer 2. The 

particles may be coloured to provide a coloured pixel or they may be black to 
provide a black pixel. Alternatively an intermediate layer 30 of coloured or black 
particles may be provided between the upper layer 2 and the lower layer 4, Such 
an embodiment is shown in Figure 6. The particles of this intermediate layer have 
25 substantially the same properties, in terms of contact angle with liquid 10, size, 
shape etc as the particles of the upper layer 2 with the exception that they are 
coloured. If such an intermediate layer is used it does not matter what colour the 
particles of the lower layer are as they will not be seen. A further option would be 
to use a coloured liquid 10. 

3 0 The liquid 10 has a contact angle greater than 90° with the particles 8. The 

particles 8 are conductive. The particles may be solid metal particles or only the 
shell thereof may be conductive. If the particles have a shell the thickness of the 
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shell can be chosen to create a particular coloured particle. An explanation of this 
can be found in Seed-mediated Growth Techniques for the Preparation of a Silver 
Nanoshell on a Silica Sphere, Zhong-jie Jiang and Chun-yan Liu ? J. Phys. Chem B 
2003, 107, 1241 1-12415. Whichever type of particle is used they- should be 
5 covered with an electrically insulating thin layer or covering 24 o f a lyophobic 
material with low contact angle hysteresis. Suitable particles would be conductive 
silver particles encased with lyophobic and dielectric mercaptan. It will be 
understood by those skilled in the art that this is an example only and any 
conductive material and lyophobic covering could be used within, the terms of the 

10 invention. Figures 3 and 4 illustrate possible core shell arrahgeiELents of the 

particles. The core 20 may be a cheap insulating particle such as silica. A metal 
shell 22 encapsulates each core 20. The layer of lyophobic material 24 surrounds 
the shelled particles. The layer 24 may be made of, for example, polymer. Other 
materials which may be used include a polyelectrolyte, a fluoropolymer, a self 

1 5 assembled monolayer (SAM) or an inorganic shell. However the* invention is not 
to be taken as limited to these materials. For DC operation the rcietal cores 20 of 
the particles 8 in the lower layer 4 should be connected and the lyophobic 
electrically insulating covering 24 completely encapsulate the structure. For DC 
operation all particle cores of layer 4 need to be connected to the conductor 14. 

2 0 For AC operation the particles can be individually encapsulated with lyophobic 

and electrically insulating shells. The structure illustrated in Figure 3 will work 
with both AC and DC operation 

The liquid 10 has a high advancing contact angle with the particles 8 of the 
lower layer. Therefore the capillary pressure is such that no liquid 10 will enter 
25 the lower layer from the upper layer. The liquid will remain in tfcie upper layer 2 
since the lower layer 4 is lyophobic. Thus, with no voltage applied between the 
conductors 12, 14, and the liquid the liquid 10 resides in the upper layer 2. As the 
liquid 10 and the particles 6 have a similar refractive index the upper layer will 
appear essentially transparent or translucent. The particles 8 of Che-lower layer 4 - 

3 o scatter the light. Therefore the colour of the particles in the lower layer can be 

seen. In the embodiment of the invention including an intermediate layer, see 
Figure 6, the colour of the particles forming the intermediate layer will be seen. 
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On application of a voltage between the liquid and the conductors 12, 14 an effect 
called "electrowetting" takes effect. Electrowetting is explained in Blake et al, 
Langmuir 2000, 16, 2928-2935. The voltage applied is in the order of 1 volt, a 
maximum of 20V being envisaged. 
5 The applied voltage causes an electrowetting effect which reduces the 

contact angle of the liquid 10 with the lower layer 4. The usual electrowetting 
equation may be used 

cos(^)-cos(^ 0 )+^- 

Where 6 is the contact angle in the presence of a voltage, 6q is the contact 
1 0 angle with no voltage, V is the voltage, sis the dielectric constant of the lyophobic 
layer, e 0 is the permittivity of free space, y is the liquid surface tension and d is the 
thickness of the lyophobic layer. The capillary pressure, AP, within the pore 
system can be defined as 

a 

1 5 Where a is the average pore radius within the porous structure. If we 

define the upper layer as A and the lower layer as 5, then 

liquid moves from the upper to lower layer if AP A (AP B 

2 0 and moves from the lower to upper layer if ' AP A )AP B 

For a lyophobic bottom layer and lyophilic top layer and with V=0 f APa is 
positive and AP B is negative. The capillary pressure is therefore unfavourable for 
the liquid 10 to move into the lower layer 4. When sufficient voltage is applied, 
2 5 APb increases until it is greater than APa at which point the liquid 10 will move 
into the lower layer 4. The upper layer 2, now largely empty of liquid 10, will 
strongly scatter light and appear white. On subsequent removal of the voltage, 
AP B will fall and, provided it falls below that of the upper layer 2, the liquid 10 
will be drawn back into the upper layer. Note that it is important that the upper 
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layer never completely empties, though the system is self-limiting on application 
of the voltage such that this cannot easily happen. 

A second embodiment of the present invention is illustrated in Figure 5. In 
this embodiment the upper layer 2 is a photonic crystal, for example, opal or 
5 inverse opal, structure 18 rather than a random porous structure. The photonic 
crystal structure is very regular and the particle sizes are. in the order of the 
wavelength of light. The crystal structure acts as a diffraction grating and reflects 
only particular wavelengths of light, i.e. particular colours. When the gaps in the 
crystal structure are filled with liquid 10, the photonic nature of the layer 2 is 

1 0 removed and the layer becomes transparent or translucent as described above. 
Colour from the lower layer 4 is then seen. However when the liquid 10 is 
drained from the upper layer 2, in the same way as described above, the photonic 
layer reflects strongly at a wavelength defined by the symmetry and spacing 
dimension of the crystal structure. Thus the upper layer 2 now reflects a colour 

15 defined by the size of the photonic crystals. Thus a coloured element could be 
made. 

The following working example demonstrates the principle of the 
invention. 

A base electrode, lower conductor, was formed by an indium tin oxide 

2 0 (ITO) coating on a poly-ethylene-teraphthalate (PET) base. This was used as 

supplied and cut into appropriately sized pieces. The ITO layer faced upwards 
and provided a conductive surface onto which the porous display device could be 
built. 

The ITO base was dip coated (3-4 layers) with a fluoropolymer (Fluoropel 
25 804A, sourced form Cytonix Corporation), which behaved as a hydrophobic 
dielectric layer. The thickness of the layer was approximately 3\im. 

The lower porous layer contained 200nm diameter silver particles, which 
were coated in a layer of octadecyl mercaptan. The silver particles were 
precipitated on the reduction of silver nitrate with sodium borohydride. The 

3 0 octadecyl mercaptan was added immediately after precipitation. The octadecyl 

mercaptan gave a hydrophobic and electrically insulating coating to the silver 
particles. 
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The resulting coating showed a step change in capacitance with voltage (at 
2V AC peak-peak) when the capacitance was measured with a droplet of 20g/l 
NaCl solution placed on the surface. This indicated that the drop was being pulled 
reversibly in and out of the lower porous network. 
5 An upper porous layer was coated on top of the mercaptan coated silver 

particles. The particles in the upper layer are polystyrene beads which were 
coated with colloidal silica particles. See US 5455320 and US 5750328. The 
particles were 650nm diameter. The upper layer was coated from an aqueous 
system prepared with about 25% solids, 0.1% Zonyl FSN and 1.0% gelatin. 

1 0 The refractive index of the upper layer of particles was higher than that of 

water. So in order to increase the refractive index, 80% glycerol solution (20g/l 
NaCl) was used as the liquid in the device. A switching system was 
demonstrated. The upper layer of particles was fully wetted with the liquid and 
any excess liquid removed. At this stage the device had a grey appearance. A 

15 needle was then placed onto the upper surface and was in turn connected to the 
AC power supply. When an AC voltage was applied to the system the area 
surrounding the tip of the needle turned white. This indicated that the liquid in 
this area had been drawn down into the lower level and the device had switched. 
When the applied voltage was removed the area turned back to its original grey 

2 0 colour. 

The elements can be made using coating technology. Initially a substrate 
comprising a pattern of electrodes is prepared by means such as printing. 
Subsequently a coating process, either multiple single layer coatings or one or 
more multi-layer coatings is used to lay down the porous layers. The coating 

2 5 process chosen can be immetered or preferably pre-metered. It is well known in 

the coating art to manufacture porous particulate layers through single or multi- 
layer coating processes. The layers will then be dried. The liquid 10 can then be 
coated and since the top layer is lyophilic, the liquid will fill the upper layer 
without penetrating the lower layer. A final encapsulating layer is then provided 

3 0 by coating or by lamination and will contain electrodes to connect to the liquid 

layer. 
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A matrix or plurality of elements can be assembled to form a display 

device. 

The elements of the display device would be environmentally sealed in 
order to encapsulate the liquid and prevent moisture ingression and liquid loss. 
5 The invention has been described in detail with reference to preferred 

embodiments thereof It will be understood by those skilled in the art that 
variations and modifications can be effected within the scope of the invention. 
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